Sleep need is affected by developmental stage and neuronal plasticity, but the underlying mechanisms remain unclear. The fragile X mental retardation gene Fmr1, whose loss-of-function mutation causes the most common form of inherited mental retardation in humans, is involved in synaptogenesis and synaptic plasticity, and its expression depends on both developmental stage and waking experience. Fmr1 is highly conserved across species and Drosophila mutants carrying dFmr1 loss-of-function or gain-of-function mutations are well characterized: amorphs have overgrown dendritic trees with larger synaptic boutons, developmental defects in pruning, and enhanced neurotransmission, while hypermorphs show opposite defects, including dendritic and axonal underbranching and loss of synapse differentiation. We find here that dFmr1 amorphs are long sleepers and hypermorphs are short sleepers, while both show increased locomotor activity and shortened lifespan. Both amorphs and hypermorphs also show abnormal sleep homeostasis, with impaired waking performance and no sleep rebound after sleep deprivation. An impairment in the circadian regulation of sleep cannot account for the altered sleep phenotype of dFmr1 mutants, nor can an abnormal activation of glutamatergic metabotropic receptors. Moreover, overexpression of dFmr1 throughout the mushroom bodies is sufficient to reduce sleep. Finally, dFmr1 protein levels are modulated by both developmental stage and behavioral state, with increased expression immediately after eclosure and after prolonged wakefulness. Thus, dFmr1 expression dose-dependently affects both sleep and synapses, suggesting that changes in sleep time in dFmr1 mutants may derive from changes in synaptic physiology.
Introduction
Sleep is present in all animal species carefully studied so far, yet its functions remain unclear . It is clear, however, that there is a strong link between sleep need and synaptic plasticity. In mammals, sleep amount and intensity peak during developmental periods characterized by maximal neuronal plasticity, synaptic pruning, and high metabolic activity (Feinberg, 1982; Cowan et al., 1984; Chugani, 1998; Carskadon et al., 2004) . In Drosophila, sleep is abundant immediately after eclosure (Shaw et al., 2000) , when neuronal pruning takes place and flies explore the environment for the first time (Balling et al., 1987; Tessier and Broadie, 2008) . In adult flies, rats, and humans, learning, enriched experience, and the occurrence of synaptic potentiation during waking increase sleep need and sleep intensity (Huber et al., , 2007 (Huber et al., , 2008 Ganguly-Fitzgerald et al., 2006; Faraguna et al., 2008) . Moreover, in adult rats, established molecular and/or electrophysiological markers of synaptic strength are high after wakefulness and low after sleep in cortex and hippocampus . Despite this evidence the molecular mechanisms underlying the link between sleep need, experience-dependent plasticity, and developmental stage remain largely unknown.
The fragile X mental retardation gene Fmr1 is involved in synaptogenesis and synaptic plasticity and its expression depends on both developmental phase and experience. In Drosophila (Tessier and Broadie, 2008) and mammals (Lu et al., 2004; Singh et al., 2007) , Fmr1 levels are high early in development and decline with age. Moreover, Fmr1 expression is reduced by sensory deprivation in flies (Tessier and Broadie, 2008) , and increased by sensory stimulation and exposure to an enriched environment in mammals Todd and Mack, 2000; Todd et al., 2003a; Irwin et al., 2005) . Fmr1 protein product, fragile X mental retardation protein (FMRP) , is present in dendritic spines (Feng et al., 1997) , and loss of FMRP in mice and humans results in abnormal spines, immature synapses (Hinton et al., 1991; Comery et al., 1997; Irwin et al., 2002; Pan et al., 2004; Restivo et al., 2005) and altered synaptic plasticity (Huber et al., 2002; Li et al., 2002; Koekkoek et al., 2005; Larson et al., 2005; Zhao et al., 2005; Desai et al., 2006) . Consistent with the results in mammals, loss of FMRP in Drosophila is associated with overgrown dendritic trees, larger synaptic boutons (Pan et al., 2004) , and developmental defects in pruning in the mushroom bodies (Tessier and Broadie, 2008) . Importantly, dFmr1 overexpression results in the opposite phenotype, with dendritic and axonal underbranching and loss of synapse differentiation (Pan et al., 2004; Pan and Broadie, 2007) .
Here we show that daily sleep amount increases when dFmr1 expression decreases, and decreases when dFmr1 expression increases. These effects are modulated by developmental stage, and overexpression of dFmr1 throughout the mushroom bodies is sufficient to reduce sleep. We also show that dFmr1 protein levels increase in waking relative to sleep. Thus, although certainly not the only one, dFmr1 may be an important molecular mechanism linking sleep need to neuronal plasticity.
Materials and Methods
Animals. Flies were cultured and tested at 20°C, 68% humidity, on yeast, dark corn syrup and agar food. Unless otherwise stated genotypes are as described in Flybase (Drysdale, 2008) . The following stocks were ordered from the Bloomington Stock Center: P (Wigren et al., 2007 ) Fmr1 EP3517 (6928; from here on EP3517) (Spradling et al., 1995 (Spradling et al., , 1999 , Fmr1 ⌬50M (6930), from here on ⌬50M ); Fmr1
⌬113M
(6929; from here on ⌬113M ) ; Df(3R)Exel6265 (7732) (Parks et al., 2004) . Two pan-neuronal GAL4 drivers were used: P{nSyb-GAL4}, referred herein as nSyb-GAL4, was donated by Dr. Julie Simpson [Howard Hughes Medical Institute (HHMJ) Janelia Farm, Ashburn, VA]; P{ELAV-GeneSwitch} (Osterwalder et al., 2001) , referred herein as ELAV-GeneSwitch, was donated by Dr. Benjamin White (National Institute of Mental Health, Bethesda, MD). The GAL4 drivers P{GawB}30Y, P{GawB}201Y, P{GawB}238Y, and P{GawB}c309, herein referred to as 30Y, 201Y, 238Y, c309, were donated by Dr. Amita Sehgal (HHMI and University of Pennsylvania Medical School, Philadelphia, PA). To remove possible modifiers and allow comparisons in a common genetic background all alleles were outcrossed before testing into the white 1118 (w 1118 ) background over at least 3 consecutive generations. Since GAL4 drivers and EP3517 contain a white transgene (w ϩ ), inheritance of these alleles was determined by eye color. ⌬50M alleles were continually outcrossed to homozygous w 1118 ; EP3517 flies that were in turn generated by crossing heterozygous w 1118 ; EP3517/dFmr1ϩ (outcrossed) flies. Heterozygous w 1118 ; ⌬50M/EP3517 flies were then selected based on eye color, and either crossed again to outcrossed w 1118 ; EP3517 homozygotes to continue the outcrossing, or to other w 1118 ; ⌬50M/ EP3517 heterozygous flies to produce amorphic homozygous w 1118 ; ⌬50M with white color eyes. Hypermorphs were generated by crossing w 1118 ; EP3517/ϩ (outcrossed) flies to w 1118 ; GAL4/ϩ flies (outcrossed), where the GAL4 driver could be either nSyb-GAL4 or ELAV-GeneSwitch. The w 1118 ; GAL4/EP3517 progeny were selected by eye color and to determine whether individual insertions have an effect on sleep, were compared with progeny that inherited either EP3517, or the GAL4 driver, or neither (w 1118 ). PCR was used to confirm the genotype as determined by eye color selection, or when the latter could not be used. Whenever possible, comparisons were made between siblings and always between flies from the same genetic background and same age.
Locomotor activity, sleep, and measures of sleep intensity. Within 8 h after eclosure from the pupae case, individual flies were placed inside glass tubes with enough food for 1 week of recording using the Drosophila Activity Monitor System (DAMS, Trikinetics). If flies were being monitored for more than 1 week, they were transferred to fresh tubes on a weekly basis within 3 h from lights on. Unless otherwise stated, flies were kept in a 12 h light/dark (LD) cycle. DAMS monitors were housed inside environmental chambers (ThermoForma) where temperature and humidity were kept constant. Data analysis was performed using custom-designed software developed in our laboratory and written in Matlab (Mathworks) . Sleep and wakefulness were determined for consecutive 1-min epochs. Wakefulness was defined as any period of at least 1 min characterized by activity (Ն1 count/min). Sleep was defined as any period of uninterrupted behavioral immobility (0 counts/min) lasting Ͼ5 min, because previous work (Shaw et al., 2000; Huber et al., 2004; Cirelli et al., 2005) has demonstrated that such periods of quiescence are associated with an increase in arousal threshold. Indeed, in the current experiments we confirmed that wild-type controls, amorphs, and hypermorphs were significantly less likely to respond to a complex stimulus after they had been immobile for at least 5 min, relative to when the stimulus was administered while flies were awake and moving around (n of tested flies, percentage of flies reacting when awake/percentage after 5 min of immobility, p value according to Mann-Whitney test: wild type ϭ 39, 74/60%, p ϭ 0.04; amorphs (⌬50M ) ϭ 39, 74/67%, p ϭ 0.029; hypermorphs (nSyb-GAL43EP3517 ) ϭ 85, 75/50%, p ϭ 0.04). Brief awakenings were defined as waking periods when a single activity count occurred between two sleep periods (i.e., Ͼ5 min no activity, one activity count, Ͼ5 min no activity). Mean waking activity over a given time interval was calculated by dividing the number of beam crossings by wake time (in minutes). In pilot studies, locomotor activity was also assessed by measuring distance traveled/minute inside an experimental chamber (Putz and Heisenberg, 2002) . We found no difference between ⌬50M amorphs and hypomorphs (EP3517 ϭ 82 Ϯ 10 mm/min, n ϭ 32; ⌬50M ϭ 67 Ϯ 7 mm/min, n ϭ 26; p ϭ 0.164 Mann-Whitney test).
Sleep deprivation (SD) was performed as described previously . Briefly, during SD flies remained in the DAMS monitor, which was placed vertically inside a framed box able to rotate along its major axis under the control of a motor. Since locomotor activity during SD was continuously recorded, the extent of sleep loss could be calculated for each individual fly. Only flies that during SD lost Ͼ90% of their baseline sleep were included in the analysis.
Statistical differences in sleep parameters were assessed by KruskalWallis test ( p Ͻ 0.05), followed by Mann-Whitney rank sum test for post hoc analysis. All charts show mean Ϯ SE.
Complementation analysis. The ⌬113M allele was outcrossed into the w1118 background using the same crossing strategy that generated outcrossed ⌬50M. , medium red (Df(3R)Exel6265/⌬50M or EP3517/ϩ), and white (ϩ/⌬50M ) eye progeny. After testing sleep, flies were harvested and genotype was determined by PCR. Primer pairs 157F (caacactttttgcggctgta) to 185R (gttcggttcgtcgacttcat) were used to specifically amplify the wild-type template without the EP3517 insertion; 160F (cggtgagctgtcacttagca) to Sp1(acacaacctttcctctcaacaa) were used to amplify the template that had EP3517; 81F (atactataccgctgcgaagagc) to 82R (caggaacacagagcttgagaaa) were used to amplify sequences outside the dFmr1 region to confirm that the template was present.
Controversy exists over the semilethal phenotype of the dFmr1 null alleles, which was described for ⌬50M and ⌬113M but not for other amorphic dFmr1 alleles (Dockendorff et al., 2002; Morales et al., 2002) . Our crosses between ⌬50M/EP3517 heterozygous parents confirmed the semilethal phenotype, because only 30% (n ϭ 1250, p Ͻ 0.05 2 test) of the expected ⌬50M amorph males and 19% (n ϭ 897, p Ͻ 0.05 2 test) of the expected ⌬50M amorph females eclosed. The number of eclosed flies is higher than previously reported, because eclosure rate is compared relative to progeny that inherited EP3517, which also has a semilethal phenotype in males (89% eclosed, n ϭ 599, p Ͻ 0.05 2 test) and females (63% eclosed, n ϭ 667, p Ͻ 0.05 2 test). Although the semilethal phenotype could result from a second site mutation (Gao, 2002) , this is unlikely because (1) this mutation would have to be present in all the described null alleles with a semilethal phenotype; (2) hypomorphs such as EP3517 flies also have reduced semilethality, suggesting that the strength of this phenotype depends on the reduced expression of dFmr1. The ⌬113M/⌬50M combination was also recessive lethal, with only 22% (n ϭ 195, p Ͻ 0.05 2 test) of the expected progeny eclosing. Western blots. Flies were harvested at the indicated time and frozen immediately at Ϫ70°C. Flies were then selected and pooled in groups of 4 based on their behavioral state before harvesting. Proteins were extracted from fly heads (4 flies/group) after homogenization in 20 l Tris-Triton (10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate). After adding 20 l Lammeli's buffer the protein extract was boiled at 95°C for 5 min and the sample was loaded (13 l) into two separate lanes (technical duplicates) on a 4 -20% polyacrylamide gel (Bio-Rad), separated by Tris-HCl gel electrophoresis (Bio-Rad) in 1ϫ tris/Glycine/SDS Buffer (Bio-Rad), and transferred to 0.45 m pore size nitrocellulose membrane (Bio-Rad) in 1ϫ Tris base/Glycine/Methanol blotting buffer. Blots were blocked for 1 h at room temperature (RT) in freshly made 5% nonfat dry milk (Bio-Rad) in 1ϫ TBS with 0.01% Tween 20 (Sigma). After washing (1ϫ TBS, 0.01% Tween 20), blots were incubated with primary antibody (1ϫ TBS, 0.01% Tween 20, 5% BSA) overnight at 4°C, washed again (1ϫ TBS, 0.01% Tween 20), and incubated at RT with secondary antibody (horseradish peroxidase conjugated anti-mouse IgG antibodies, Millipore) in 1ϫ TBS, 0.01% Tween 20, 5% nonfat dry milk. Immunoreactive bands were detected using autoradiographic enhanced chemiluminescence (ECL-Plus, Amersham) and captured using the Typhoon 9410 Variable Mode Imager (Amersham). Band intensities were quantified using ImageQuant software (Amersham) . All time points were tested at least in two independent experiments on two different blots. All blots were loaded with a common protein extract from Drosophila heads to allow normalization and comparison across blots. Primary antibodies (Developmental Studies Hybridoma Bank, University of Iowa) included 5A11 (Okamura et al., 2004) and used a 1:1000 dilution to detect Drosophila FMRP (DFMRP) and E7, and a 1:2000 dilution to detect ␤-tubulin as a loading control. Statistical analysis was based on Student's unpaired t test between samples ( p Ͻ 0.05).
Lifespan. Lifespan was measured by collecting newly eclosed flies, placing them in single DAMS tubes and then recording their sleep/waking cycle at 20°C until death. Flies were transferred to new tubes with fresh food every week. Lifespan curves were generated by plotting the daily percentage of survivorship as a function of time in days.
Circadian analysis. Parents and progeny were reared in 12 h light/dark conditions. Flies were harvested within 8 h of eclosure, separated into monitor tubes, kept in 12 h light/dark conditions for 6 d, and then kept in constant darkness (DD). Autocorrelations were done using standard software (Levine et al., 2002) .
RU486 and MPEP treatment. Flies treated with RU486 were housed in monitor tubes with the regular cornmeal molasses food containing 500 M RU486. Flies were kept in the conditions previously described and transferred to tubes with fresh media each week during the first 3 h of the light phase. The RU486 was dissolved in 80% ethanol before adding it to the melted (60°C) cornmeal molasses food. Control food was made by adding the same amount of 80% ethanol. 2-Methyl-6-(phenylethynyl)pyridine (MPEP)-treated flies were housed in monitor tubes containing media at one end consisting of 86 M MPEP, 5% sucrose and 2% agar. Vehicle-treated flies were housed in monitor tubes containing 5% sucrose and 2% agar.
Results
As dFmr1 expression increases, daily sleep amount decreases Different sleep abnormalities have been described in patients with fragile X syndrome, including reduced time spent in REM sleep and increased sleep fragmentation (Musumeci et al., 1995; Miano et al., 2008) . Studies in mammals, however, are complicated by the presence of two paralogues to Fmr1, FXR1 and FXR2, which could compensate for the loss of Fmr1. We therefore focused on Drosophila, where only one gene, dFmr1, is present. We compared sleep throughout the entire lifespan in a full spectrum of mutants ranging from flies that had complete loss of dFmr1 expression (amorphs) to flies with increased dFmr1 expression (hypermorphs). All alleles were outcrossed into a w 1118 background before testing (see Materials and Methods). Flies were monitored from 0 to 8 h after eclosure until they died, but results are shown for the first 42 d of life, after which not enough flies survived in all mutant classes to allow comparisons. Almost every day after eclosure both males and females with the loss of function mutation ⌬50M (amorphs) slept significantly more than wild-type flies (Fig. 1 A) . On average, throughout the 42 d period, daily sleep amount increased relative to wild-type flies by 4 h in males and 3 h in females (Fig. 1 B) . In males, the increase in daily sleep amount peaked on day 12 after eclosure (58%), while in females the largest increase was observed at day 7 (32%) and at day 41 (45%) (Fig. 1C) .
dFmr1 overexpression was driven from the EP element EP3517, which is inserted in the dFmr1 promoter region, using the pan-neuronal driver nSyb-GAL4. On most days, both male and female dFmr1 hypermorphs had reduced daily sleep amount relative to wild-type flies, but the effect was no longer present in females after day 35 ( Fig. 1 A) . In males, the decrease in daily sleep amount became progressively larger after eclosure and peaked after ϳ4 weeks of age (Ϫ40%), while in females the effect was present immediately after eclosure and peaked at day 10 (Ϫ31%) (Fig. 1C ). On average, throughout the 42 d period, daily sleep amount decreased relative to wild-type flies by Ͼ3 h in males and 2 h in females ( Fig. 1 B) . Western blots confirmed the loss of DFMRP in amorphs, and its increased levels in hypermorphs ( Fig. 1 F) .
We also tested different combinations of hypomorphic (partial loss of function) dFmr1 mutations, as shown in Figure 1 B, where the dFmr1 allele combinations are arranged left to right from the lowest to the highest dFmr1 expression. As dFmr1 expression increased, the average daily sleep amount over the 42 d period decreased in both sexes. However, females appeared to be more sensitive than males to even small changes in dFmr1 levels. Specifically, the amorph mutation (⌬50M ) similarly increased the average daily sleep amount in males (34%) and females (29%) compared to wild type. In males, however, the next strongest hypomorph (EP3517/⌬50M ) showed only a 6% ( p ϭ 0.5) increase in sleep amount, while in females, the EP3517/ϩ hypomorph, which has a small loss in dFmr1 expression, still showed an 11% increase in daily sleep amount. Moreover, the sleep phenotype of EP3517/ϩ females was intermediate between wild-type and amorph after eclosure, but became closer to the amorph phenotype after 2 weeks of age (data not shown).
In contrast to sleep, waking locomotor activity increased relative to wild-type in both amorphs and hypermorphs, and did not consistently change in the hypomorphs ( Fig. 1 D, E) . Thus, the effects of dFmr1 mutations on the sleep phenotype are dissociable from the effects on locomotor activity. Moreover, the increased waking activity in amorphs is consistent with previous reports (Dockendorff et al., 2002) and indicates that their long sleep is unlikely to be a sign of sickness. dFmr1 levels consistently affect the number but not the duration of sleep episodes To further characterize the changes in sleep behavior, we analyzed the number and duration of sleep episodes in dFmr1 mutants. In wild-type flies, the number of sleep episodes rose sharply during the first 2 d after eclosure, declined within the first week, and then stabilized (Fig. 2 A) . The number of sleep episodes in amorphs, instead, increased after eclosure and remained higher than in wild-type flies for most of the 42 d period (Fig. 2 A) . Hypermorphs followed the same trend as in wild-type flies, but with a more pronounced decrease after the first week that continued until approximately day 36. Averaged across 42 d after eclosure, the inverse relationship between sleep episode number and dFmr1 expression was significant for both sexes (Fig. 2 B) . Sleep episode duration instead did not show consistent changes (Fig. 2C,D) . Of note, male amorphs had longer sleep episodes than wild-type flies during the first week after eclosure, which accounts for their increased daily sleep amount during this period ( Fig. 1 A) despite a decrease in the number of sleep episodes (Fig. 2 A) . Thus, changes in sleep amount in dFmr1 mutants are primarily due to changes in the number of sleep episodes.
Deep and consolidated sleep, such as sleep occurring after sleep deprivation, is characterized by a reduction in the number of brief awakenings . Throughout their life-span, amorphs often had fewer brief awakenings per day than wild-type flies (Fig. 2 E) , an effect that over the entire 42 d period resulted in a significant decrease (Ϫ30% in males, Ϫ42% females) (Fig. 2 F) . dFmr1 overexpression instead did not consistently affect the number of brief awakenings.
Drosophila sleep mainly at night, although males also tend to have a "siesta" during the day . Loss of dFmr1 expression increased the daily sleep amount both by increasing sleep during the day, and by prolonging sleep at the end of the dark phase (Fig. 3) . Moreover, while wild-type flies wake up in anticipation of light onset, amorphs continue to sleep during this period. Opposite effects are seen with dFmr1 overexpression, Statistics were based in all cases on Kruskal-Wallis test for multiple comparisons, followed by post hoc analysis using Mann-Whitney test to compare mutant genotype to wild type. In A and D, significant differences ( p Ͻ 0.05) relative to wild type are indicated by gray squares (amorphs) and black circles (hypermorphs). In B and E, black dots indicate significant differences relative to wild type. Number of flies for each genotype for day 1 and day 42 were as follows: males: ⌬50M, n ϭ 60/34; EP3517/⌬50M, n ϭ 73/49; EP3517, n ϭ 112/81; EP3517/ϩ, n ϭ 68/56; dFmr1ϩ, n ϭ 112/92; nSyb-GAL4-ϾEP3517, n ϭ 47/39; females: ⌬50M, n ϭ 45/21; EP3517/ ⌬50M, n ϭ 51/25; EP3517, n ϭ 85/56; EP3517/ϩ, n ϭ 62/56; dFmr1ϩ, n ϭ 117/102; nSyb-GAL43EP3517, n ϭ 38/32. F, DFMRP levels in amorphs, hypermorphs, and wild-type flies as measured by Western blot (␤-tubulin was used as loading control). A black dot indicates a significant difference ( p Ͻ 0.05) from wild type as determined by Student's t test.
which decreased sleep during the latter half of the night and, in males, also during the day (Fig. 3) .
The effects of dFmr1 mutations on sleep persist in constant darkness
Previous reports found that dFmr1 amorphs are arrhythmic in constant darkness, while flies overexpressing dFmr1 using a tim-GAL4 driver had a lengthened period (Dockendorff et al., 2002; Morales et al., 2002) . We maintained mutant flies in 12 h LD conditions for 6 d after eclosure, and then switched them to DD for 2 weeks. Figure 4 A shows locomotor activity plots during the last 3 d in DD, and confirms the lack of rhythmicity in amorphs [rhythmicity index (RI) ϭ 0.17] and the persistence of a strong rest/activity rhythm in both wild-type flies (RI ϭ 0.6) and hypermorphs (RI ϭ 0.63). The inverse relationship between dFmr1 expression and daily sleep amount persisted in DD (Fig. 4 B, C) . Specifically, amorphs showed a similar increase in daily sleep amount relative to wild-type in both LD (ϩ32%; mean of days 18 -20) and DD (ϩ31%), suggesting perhaps a ceiling effect. As expected due to the arrhythmic phenotype, amorphs slept at all times of day and night (Fig. 4C ). Hypomorphs had a stronger increase in sleep amount relative to wild-type in DD than LD (EP3517/⌬50M, ϩ25% vs ϩ 2%; EP3517, ϩ8% vs ϩ 4%; EP3517/ϩ, ϩ11% vs ϩ 1%; mean of days 18 -20) (Fig. 4 D) . Hypermorphs also showed a stronger sleep phenotype in DD than LD (Ϫ59% vs Ϫ26%, mean of days 18 -20) (Fig. 4 D) . Thus, the effects of dFmr1 on sleep continue and in some cases are even stronger in constant darkness, and persist when circadian rhythmicity is lost.
Complementation analysis confirms the link between decreased dFmr1 expression and increased sleep amount Our crossing scheme, designed to place dFmr1 alleles in a common genetic background, permits the independent segregation of loci that are not closely linked to dFmr1. However, to completely rule out the possibility that a closely linked mutation next to the dFmr1 locus was responsible for the sleep phenotype we also tested the null alleles ⌬113M and Df(3R)6265 in combination with ⌬50M. If the loss of dFmr1 is responsible for the increase in daily sleep amount, other amorphic combinations that result in no wild-type dFmr1 ϩ allele being present should also produce a long sleep phenotype. Indeed, ⌬113M failed to complement ⌬50M, since ⌬113M/⌬50M heterozygous flies showed a long sleep phenotype relative to wildtype flies (Fig. 5A) . Waking activity in ⌬113M/⌬50M heterozygous flies was instead similar to that in wild-type flies (Fig. 5A) .
Both ⌬50M and ⌬113M were produced by mobilizing the EP3517 insertion, and thus may share common genetic variations from the original chromosome. To test a dFmr1 null allele from a completely independent source, we crossed ⌬50M with Df(3R)Exel6265, a small deletion (85F10 -85F16) that includes the dFmr1 locus (Wilson et al., 2008) . Consistent with the previous results, Df(3R)Exel6265/⌬50M flies showed increased daily sleep amount, as well as higher waking activity levels, relative to control flies (EP3517/ϩ heterozygotes) (Fig. 5B) . Thus, the complementation results support the conclusion that the loss of dFmr1 expression is responsible for the long sleep phenotype. The alternative possibility, such as a second-site mutation causing the increased sleep amount, is very unlikely, because the amorphic alleles tested here were derived from independent sources and should not have second-site mutations in common.
Both loss and gain in dFmr1 expression result in loss of sleep homeostasis
In flies, as in mammals, sleep duration and sleep intensity increase after sleep deprivation to compensate for sleep loss . As expected, after 24 h of sleep deprivation wild-type males slept longer during the first 6 h of recovery sleep [54 min (recovery Ϫ baseline), p Ͻ 0.05], while time asleep did not increase significantly in amorphs (47 min, p ϭ 0.1) and hypermorphs (15 min, p ϭ 0.5) (Fig. 6 A) . Across the entire 24 h period following sleep deprivation wild-type flies recovered 23% of the sleep lost, while dFmr1 mutants did not recover a significant amount of sleep (Fig. 6 B) . The duration of sleep episodes, a measure of sleep intensity, also increased during the first 6 h of recovery sleep in wild-type flies, but not in amorphs and hypermorphs (data not shown).
It was previously found that dFmr1 amorphs respond to odors and light similarly to flies with a wild-type dFmr1 ϩ transgene (McBride et al., 2005) . We measured the escape response to a complex stimulus, which included noise, vibration, and shadow, during the first 6 h of the light period before (baseline) and after sleep deprivation (recovery). In agreement with previous studies Cirelli et al., 2005) , when the stimulus was applied to sleeping wild-type flies, ϳ55% of them failed to respond during baseline, and the number of nonresponders increased to ϳ80% after sleep deprivation, an indication that postdeprivation sleep is deeper (with higher arousal thresholds) (Fig.  6C) . In contrast, most amorphs (77%) and hypermorphs (89%) already failed to respond to the same stimulus before sleep deprivation, and the number of responders did not change afterward. This suggests that dFmr1 mutants have deeper sleep than wildtype flies in baseline conditions, and a further increase in arousal threshold may be difficult to measure due to a ceiling effect.
In a different experiment, the same complex stimulus was applied during waking. As expected, in wild-type flies, the stimulation triggered a smaller locomotor response after sleep deprivation relative to baseline (Fig. 6 D) , an indication that sleep deprivation impaired performance. Both amorphs and hy- permorphs also showed smaller responses after sleep loss relative to baseline, but the response in sleep deprived hypermorphs was significantly bigger than in sleep deprived wild-type flies (Fig.  6 D) , suggesting that the former were less affected by sleep loss. In summary, despite the significant difference in daily sleep amounts amorphs and hypermorphs responded similarly to sleep deprivation: they both failed to show a homeostatic sleep response (no changes in sleep duration or sleep intensity), and they both showed deficits in waking performance, although amorphs may be more affected than hypermorphs.
dFmr1 expression levels depend on both age and experience The effects that dFmr1 loss or gain have on sleep depend on developmental stage (Figs. 1 and 2) , consistent with the fact that dFmr1 expression is regulated in an age-dependent manner (Tessier and Broadie, 2008) . We assayed DFMRP protein levels in fly heads at 1, 3, 7, 14, and 21 d after eclosure to confirm that dFmr1 ϩ expression is developmentally regulated. As expected, DFMRP was never detected in amorphs (Fig. 7A) . In both wildtype and hypermorphs, DFMRP levels were highest immediately after eclosure, declined steeply on day 3, reached the lowest levels 7 d after eclosure (Ͼ10-fold decrease relative to eclosure, ϳ2-fold decrease relative to day 3), and then remained at very low levels afterward (Fig. 7A) . Hypermorphs had increased expression compared with wild-type flies on all tested days, with the smallest change on day 1 (ϩ275%, p ϭ 0.06), and the biggest difference on day 21 (ϩ312%, p Ͻ 0.05).
A previous study found that DFMRP expression does not change over the 24 h cycle (Inoue et al., 2002) , but these experiments did not control for behavioral state. Experiments in mammals, however, have found that enriched experience and sensory stimulation increase Fmr1 expression (Todd and Mack, 2000; Todd et al., 2003a) . We therefore measured DFMRP levels in three groups of 7-d-old male flies. One group of sleeping flies (S) was collected at night (4 A.M.) after 8 h of sleep, and two groups of sleep deprived flies were collected after being kept awake for 8 h either at night (SD-N, 4 A.M.) or during the day (SD-D, 4 P.M.). As expected, S flies spent most of the 8 h before harvesting asleep, whereas SD flies were awake at least 90% of the time (Fig. 7B) . DFMRP levels increased in both wild-type and hypermorph SD flies relative to S flies. The increase was significant after sleep loss during the night in wild-type flies (percentage increase relative to S, SD-D ϭ 41%, p ϭ 0.2; SD-N ϭ 132%, p Ͻ 0.05), and after sleep loss during both day and night in hypermorphs (SD-D ϭ 237%, p Ͻ 0.05; SD-N ϭ 150% p Ͻ 0.05). Thus, DFMRP expression levels increase with waking experience independent of time of day or light. Moreover, the increase appears to depend on dFmr1 expression levels, since the increase was higher in hypermorphs than in wild-type flies. , n ϭ 20; ⌬50M/EP3517 or ⌬113M/EP3517 combined, n ϭ 34; EP3517, n ϭ 33; dFmr1ϩ, n ϭ 112. Kruskal-Wallis test followed by Mann-Whitney test; square boxes indicate days when ⌬50M/⌬113M is significantly different from wild type. Black dots in the bar graphs indicate significant difference ( p Ͻ 0.05 Mann-Whitney) from wild type. B, Daily sleep amount and waking activity for the first 21 d after eclosure after combining ⌬50M with Df(3R)Exel6265. After recording sleep data, flies were genotyped by PCR: EP3517/Df(3R)Exel6265, n ϭ 28; Df(3R)Exel6265/⌬50M, n ϭ 28; EP3517/ϩ, n ϭ 28; ϩ/⌬50M, n ϭ 32. Kruskal-Wallis test followed by Mann-Whitney test. Gray boxes indicate significant difference between Df(3R)Exel6265/⌬50M and EP3517/ϩ (no other differences between genotypes were found). Black dots in the bar graphs indicate significant difference ( p Ͻ 0.05 Mann-Whitney) from EP3517/ϩ.
Either increasing or decreasing dFmr1 expression reduces lifespan
Amorph and hypermorph dFmr1 flies of both sexes had decreased lifespan, but with a different time course (Fig. 8 A) . Specifically, male and female amorphs lacked the initial lag phase that occurs before wild-type flies start dying at a logarithmic rate. In contrast, the lag phase in hypermorphs was short, followed by a steep logarithmic death rate. Interestingly, similar to the changes in sleep, the effects on lifespan were more pronounced in females than males (Fig. 8 B) . Except for EP3517/ϩ heterozygotes, other hypomorph flies also tended to have reduced lifespan, and more so in females than males (Fig. 8 B) . Thus, an intermediate level of dFmr1 expression seems to be optimal for longevity. Moreover, at least in hypermorphs, dFmr1 must affect lifespan through the brain, because its overexpression was neuron-specific. In humans decreased (Ͻ7 h) and increased (Ͼ8 h) sleep is associated with an increased risk of mortality (Hublin et al., 2007) , but whether dFmr1 effects on lifespan are mediated by its effects on sleep is unknown.
Overexpression of dFmr1 in adult flies also decreases daily sleep amount
The effects on sleep described so far were due to constitutive changes in dFmr1 levels. To determine whether dFmr1 overexpression could decrease daily sleep amount when induced after eclosure we used the ELAVGeneSwitch driver to drive expression panneuronally only when the progesterone analog RU486 is added to the media (Osterwalder et al., 2001 ). Relative to flies of same genotype that were fed control media, flies fed RU486 media slept significantly less (RU486 ϭ 776 Ϯ 23 min; control ϭ 883 Ϯ 19 min, p Ͻ 0.05 Mann-Whitney) and tended to have higher waking activity (RU486 ϭ 1.50 Ϯ 0.047 beam crossings per waking min; control ϭ 1.39 Ϯ 0.027 beam crossing per waking min, Mann-Whitney p ϭ 0.14) (Fig. 9A) . The decrease in daily sleep amount, however, was not as pronounced as that previously observed using the constitutive nSyb-GAL4 driver (Fig. 1) . Western blots analysis showed that DFMRP levels were increased using both drivers, but the difference relative to wild-type levels was Ͼ2-fold larger when using the nSyb-GAL4 system (Fig. 9B) . Thus, the greater effects on sleep of constitutive, relative to inducible, dFmr1 overexpression may be due to the higher levels of DFMRP reached in the first condition, although other effects due to dFmr1 miserexpression during early development cannot be excluded. In any case, overexpression of dFmr1 can decrease daily sleep amount independent of developmental changes before eclosure, since it is also effective when induced in adult flies.
The mGluR antagonist MPEP does not rescue the long sleeping phenotype in adult amorphs
It has been demonstrated that several phenotypes associated with the loss of dFmr1 are due to abnormally increased activity of the metabotropic glutamate receptors (mGluRs) (Bear et al., 2004) . Consistent with this hypothesis, it was shown that treating adult dFmr1 amorphs with mGluR antagonists rescues defective courtship memory (McBride et al., 2005) . In the same flies, however, the treatment failed to rescue the defect in circadian rest/activity rhythms and the morphological defects in the mushroom bodies (McBride et al., 2005) . As shown above, we found that inducing dFmr1 in adult flies is sufficient to reduce sleep amount. Thus, we wanted to determine whether MPEP, a specific inhibitor of mGluRs, can reduce sleep in adult flies and rescue the long-sleeping phenotype in amorphs.
After eclosure, flies were tested for 2 d on cornmeal molasses media and then transferred to sucrose media containing either vehicle or 86 M MPEP, a concentration previously demonstrated to rescue behavioral defects (McBride et al., 2005) . Treatment with MPEP had no effect on the long sleeping phenotype of delta50M amorphs (Fig. 10 A) . MPEP also did not affect sleep in the hypomorphs (EP3517 ), which sleep normally compared with wild-type flies (Fig. 10 A) . MPEP treatment instead increased Only flies (all males) that lost Ͼ90% of their sleep during sleep deprivation were included in this analysis. Amorphs (n ϭ 18) are ⌬50M homozygotes, wild-type (n ϭ 12) are dFmr1 ϩ homozygotes, and hypermorphs (n ϭ 30) have nSyb-GAL4 driving EP3517. Black circles indicate significant differences between baseline and recovery ( p Ͻ 0.05 Mann-Whitney). B, Amount of sleep recovered during the entire 24 h of recovery expressed as percentage of sleep lost during sleep deprivation (same flies as in A). Horizontal bars indicate differences between mutants and wild type (*p Ͻ 0.05, Mann-Whitney). Only wild-type flies showed a significant increase in sleep duration during recovery relative to baseline (vertical bar, p Ͻ 0.05 signed rank test). C, Arousal thresholds measured as the percentage of sleeping flies that react to a complex stimulus of low intensity Cirelli et al., 2005 ) (*p Ͻ 0.05, Mann-Whitney). D, Waking performance measured as the percentage increase in the number of beam crossings during the minute following the delivery of the stimulus relative to the minute before the stimulation. All flies had been active (i.e., awake) during the minute before the delivery of the stimulus (*p Ͻ 0.05, Mann-Whitney). In C and D, the number of flies (all males) is amorphs ϭ 27, wild-type ϭ 62, hypermorphs ϭ 74. Flies were tested during the first 6 h of the light period in baseline (BL) and recovery (REC).
waking activity levels in EP3517 flies over the first 4 d of treatment, and motor activity also tended to increase in the amorphs (Fig. 10 B) . Thus, blocking mGluR signaling in adult flies cannot rescue the delta50M long sleeping phenotype.
Overexpression of dFmr1 in the mushroom bodies is sufficient to decrease daily sleep amount
To start investigating whether the sleep effects of dFmr1 overexpression are region-specific we focused on the mushroom bodies, a large area of the fly brain where dFmr1 is necessary for normal synaptic pruning (Tessier and Broadie, 2008) , and where mutations that affect neuronal activity are also able to affect sleep (Joiner et al., 2006; Pitman et al., 2006) . We crossed EP3517 with 4 GAL4 lines (30Y, 201Y, 238Y, c309) known to drive expression in the mushroom bodies, as well as in other discrete brain regions (Yang et al., 1995; Joiner and Griffith, 1999; Kurusu et al., 2002; Joiner et al., 2006) . Sleep parameters were averaged across days 15-19 after eclosure, because by this time the pan-neuronal overexpression of dFmr1 produces a robust short-sleeping phenotype (Fig. 1 A, B) . In combination with EP3517, 201Y, 30Y and 238Y reduced sleep (Ϫ22%, Ϫ31%, Ϫ36%, respectively; p Ͻ 0.05), while c309 tended to increase sleep (Fig. 11 A) . By comparison, during the same time period, the pan-neuronal overexpression of dFmr1 produced a 37% decrease in sleep time relative to EP3517 flies. Importantly, inheriting the GAL4-drivers alone did not alter the sleep phenotype, as measured by comparing siblings that inherited the driver relative to w 1118 from the same crosses (MannWhitney test; data not shown). Similar results were obtained when sleep was averaged across the first 19 d after eclosure (rather than days 15-19 only), except that the increase in daily sleep time with c309 became significant (13%, p Ͻ 0.05). 30Y, 201Y, 238Y reduced sleep primarily during the day, while c309 increased sleep only at night (Fig. 11C,D) . Further analysis of sleep episodes and brief awakenings (Fig. 11 E-G) showed that c309 consolidated sleep into longer bouts, while the effects of 30Y, 201Y, 238Y Changes in DFMRP levels due to developmental stage and behavioral state. A, Relative dFmr1 levels in sleeping males 1, 3, 7, 14, and 21 d after eclosure. Males were harvested 8 h after lights off and selected for maximal sleep (asleep Ͼ90% of the previous 8 h). To exclude potentially sick flies, mean waking activity (crossings/min of waking) the day before harvesting was required to be Ͼ0.7. B, The three experimental groups. C, Average sleep amounts during the last 8 h before harvesting. S flies were required to spend Ͼ90% of the previous 8 h asleep. SD-D flies were required to stay awake Ͼ90% of the last 8 h, with no sleep in the last 4 h before harvesting. Since flies mainly sleep at night SD-N is more difficult to enforce than SD-D. Criteria for SD-N flies were therefore less stringent: Ͼ 80% awake over the last 8 h, with Ͻ13% of sleep in the last 2 h before harvesting. Mean waking activity the day before harvesting was Ͼ0.7 in all flies. C, Relative DFMRP expression levels as measured in Western blots. Black squares indicate, within the same genotype, significant differences relative to S flies ( p Ͻ 0.05, Student's t test).
Black circles indicate, within the same behavioral state, significant differences relative to wildtype ( p Ͻ 0.05, Student's t test). were neither consistent nor profound. As before, the effects on sleep and waking activity could be dissociated, because the latter did not change with 201Y or c309 but increased with 30Y and 238Y (Fig. 11 B) .
Discussion
We have shown here that dFmr1 expression is inversely related to daily sleep amount: overexpression is associated with short sleep, and loss of expression with long sleep. The increase in sleep duration in dFmr1 amorphs was found with three independent alleles (⌬50M, ⌬113M, Df(3R)Exel6265), while the short sleep phenotype was seen by overexpressing dFmr1 with two different drivers, nSyb-GAL4 and ELAV-GeneSwitch. The constitutive nSyb-Gal4 driver, which resulted in higher DFMRP levels, also produced a stronger sleep phenotype. Similarly, amorphic mutations produced a more severe long sleep phenotype than hypomorphic mutations. Loss of dFmr1 occurs ubiquitously in amorphs, while overexpression of dFmr1 in hypermorphs is neuron-specific. Moreover, overexpression of dFmr1 throughout the mushroom bodies was sufficient to reduce sleep. Together, these results provide strong evidence that dFmr1 expression plays an important role in determining daily sleep amount, and does so by acting in the brain.
In flies, loss of dFmr1 is associated with overgrown dendritic trees and axonal processes, larger synaptic boutons containing more synaptic vesicles (Pan et al., 2004; Pan and Broadie, 2007) , increased levels of dopamine and serotonin (Zhang et al., 2005) , and enhanced excitatory neurotransmission, as indicated by the fact that defects in synaptic morphology and courtship behavior in amorphs can be rescued by GABA (Chang et al., 2008) . In contrast, dFmr1 overexpression is associated with undergrowth, underbranching, and loss of synapse differentiation (Pan et al., 2004; Pan and Broadie, 2007) . The specific targets through which dFmr1 affects synaptic physiology remain elusive, because FMRP binds to up to 4% of all brain mRNAs (Hinton et al., 1991) , and controls the translation of several synaptic and cytoskeleton-associated proteins (Li et al., 2001; Zhang et al., 2001; Todd et al., 2003b; Lu et al., 2004; Castets et al., 2005; Reeve et al., 2005; Muddashetty et al., 2007; Zalfa et al., 2007) . Recently, it was suggested that many symptoms in fragile X patients may derive from abnormal activation of metabotropic glutamate receptors (Bear et al., 2004) . Indeed, abnormalities in ocular dominance plasticity and dendritic spine density can be corrected when Fmr1 knock-out mice are crossed with mGluR5 deficient mice (Dölen et al., 2007) . However, hyperactivity, exploration deficits and abnormal spine morphology in Fmr1 knock-out mice are rescued by prolonged exposure to an enriched environment (Restivo et al., 2005) , and some defects in synaptic plasticity are corrected by infusion of BDNF (Lauterborn et al., 2007) , and by enhancing Ras signaling (Hu et al., 2008) . Abnormalities in multiple pathways, therefore, most likely underlie the complex syndrome associated with loss of FMRP. Consistent with this conclusion, blocking metabotropic glutamatergic signaling in dFmr1 amorph flies rescues courtship behavior, but not the defects in circadian rest/activity rhythms and mushroom bodies morphology (McBride et al., 2005) , nor, as shown in the current study, the long sleeping phenotype. Instead, defects in synaptic morphology and courtship behavior in dFmr1 amorphs are rescued by GABA (Chang et al., 2008) . Future experiments should therefore assess whether sleep abnormalities can also be corrected by enhancing GABAergic transmission.
Previous studies found that dFmr1 amorphs are arrhythmic when kept in constant darkness, but not when entrained to a light/dark cycle (Dockendorff et al., 2002; Inoue et al., 2002) . Fmr1 and Fxr2 single knock-out mice have shorter circadian periods in constant darkness but are normally entrained by light (Zhang et al., 2008) . Double Fmr1/Fxr2 knock-out mice, however, which may be closer to the Drosophila dFmr1 amorph model, are completely arrhythmic even under a light/dark cycle (Zhang et al., 2008) . We found that dFmr1 amorphs were long sleepers under both light/dark and constant dark conditions. Moreover, short sleeping flies with constitutive dFmr1 overexpression had normal circadian rest/activity rhythms even in constant darkness. Thus, at least in flies, the effects of changes in dFmr1 expression on sleep duration are unlikely to be mediated by the circadian clock.
After sleep deprivation both amorphs and hypermorphs failed to consistently increase sleep duration and sleep intensity (measured by changes in sleep episode duration and arousal thresh- old). This lack of sleep rebound did not reflect high resistance to sleep loss, because waking performance was impaired in both amorphs and hypermorphs. The lack of a sustained sleep rebound in amorphs may reflect a ceiling effect, because these flies already sleep ϳ18 h/d during baseline, and their sleep is deep based on our assessment of arousal threshold. In dFmr1 hypermorphs, instead, which have undergrown synapses, prolonged waking may not affect synaptic activity enough to produce a sustained sleep rebound. This hypothesis is, admittedly, highly speculative, but is suggested by increasing evidence in flies, rats, and humans that learning, enriched experience, and the occurrence of synaptic potentiation during waking increase sleep need and sleep intensity (Huber et al., , 2007 (Huber et al., , 2008 GangulyFitzgerald et al., 2006; Faraguna et al., 2008) . Similarly, brain infusion of molecules that can enhance synaptic function, such as the glutamatergic agonist NMDA (Wigren et al., 2007) , BDNF , and TNF (Churchill et al., 2008) , increase sleep. Thus, dFmr1 amorphs may sleep longer because of higher synaptic activity due to increased synaptic density and/or enhanced neurotransmission, while dFmr1 hypermorphs with undergrown synapses may need less sleep, both during baseline and after sleep deprivation. Indeed, we found that hypermorphs performed better after sleep loss than wild-type flies, even if their performance had deteriorated from baseline levels. Consistent with this hypothesis is also our observation that in wild-type flies DFMRP levels and sleep amounts peak the first day after eclosure, when almost all experience-driven axon pruning, which depends on dFmr1, also occurs (Tessier and Broadie, 2008) . Moreover, sleep amounts decrease steeply during the first 3-4 d after eclosure, when there is no further pruning. In dFmr1 amorphs, instead, pruning continues for at least 3-4 d after eclosure (Tessier and Broadie, 2008) , and during the same time period sleep amounts are high and show a less significant decline.
A full rescue of the amorphs' defects in synaptic morphology occurs when dFmr1 is induced during early larval development (Gatto and Broadie, 2008) . However, a partial rescue is still possible when dFmr1 is expressed at maturity, suggesting that its induction can affect synaptic plasticity after development (Gatto and Broadie, 2008) . Consistent with these results is our finding that dFmr1 overexpression was still able to decrease sleep in adult flies, albeit less significantly than when it was constitutively induced. Also consistent is our finding that dFmr1 expression is sensitive to changes in behavioral state in adult flies, where we found a Ͼ2-fold increase in DFMRP levels after 8 h of forced waking relative to 8 h of sleep. While increased brain FMRP levels have been described in adult mice after acute whisker stimulation (Todd and Mack, 2000; Todd et al., 2003a) , chronic exposure to an enriched environment (Irwin et al., 2005) and glutamatergic stimulation , this is the first indication that dFmr1 expression in adult Drosophila increases with prolonged activity, and is consistent with the fact that sensory deprivation decreases dFmr1 mRNA and protein levels (Tessier and Broadie, 2008) .
Driving dFmr1 with GAL4 lines 30Y, 201Y, and 238Y produced a decrease in daily sleep similar to that observed after panneuronal dFmr1 overexpression. These lines show expression in all major components of the mushroom bodies, suggesting that the latter play an important, if not unique, role in regulating sleep need. The strongest decrease in sleep duration occurred with line 30Y, which has a very extensive pattern of expression within the mushroom bodies (Yang et al., 1995) , but also with line 238Y, which has more restricted expression, similar to that of line 201Y (Yang et al., 1995; Kurusu et al., 2002) . In contrast, driving dFmr1 with line c309, which lacks expression in the core region of the mushroom bodies (Joiner et al., 2006) , increased sleep. Thus, it is likely that different neuronal populations within the mushroom bodies have different, and perhaps even opposite, effects on sleep regulation, as previously suggested (Joiner et al., 2006) . However, these GAL4 lines also show limited and not overlapping expression outside the mushroom bodies, and thus the role of other neuronal groups in sleep regulation cannot be completely ruled out.
Like dFmr1 expression, cAMP levels and cAMP-dependent protein kinase (PKA) activity in flies are inversely related to sleep duration (Hendricks et al., 2001) , and inducing PKA expression in the mushroom bodies is sufficient to reduce sleep (Joiner et al., 2006) . CREB is a major target of PKA, and CREB activity in flies Figure 10 . MPEP, an mGluR antagonist, does not rescue the long sleeping phenotype due to loss of dFMR1. Age-matched flies, harvested within 24 h of eclosure, were tested on cornmeal molasses media for 2 d. On the third day (at lights on), flies were transferred to tubes with sucrose media containing vehicle or 86 M MPEP, tested for 6 d, and then transferred to fresh sucrose media and monitored for seven additional days. A, Daily sleep amount (min/24 h) before, during, and after MPEP treatment. B, Waking activity (number of beam crossings/min) before, during, and after MPEP treatment. Solid circles indicated significant difference between MPEP-treated ⌬50M amorphs and MPEP-treated EP3517 hypomorphs; triangles represent significant difference between untreated ⌬50M amorphs and untreated EP3517 hypomorphs ( p Ͻ 0.05, Mann-Whitney test). Number of flies were as follows: MPEP-treated EP3517 ϭ 48, MPEP-treated ⌬50M ϭ 39, untreated EP3517 ϭ 41, untreated ⌬50M ϭ 32.
is also inversely related to sleep duration (Hendricks et al., 2001) . Like DFMRP levels, CREB activity increases during waking relative to sleep (Hendricks et al., 2001) . In contrast to dFmr1, however, blocking CREB activity actually increases the response to sleep deprivation, and increasing it has no effect on sleep homeostasis (Hendricks et al., 2001) . Moreover, driving a PKA transgene with the same GAL4 lines used in this study increased sleep with 201Y, decreased sleep with c309, and caused opposite effects on day and night sleep with 30Y and 238Y (Joiner et al., 2006) . Thus, although cAMP and CREB are strongly involved in synaptic plasticity, it is unlikely that dFmr1 expression affects sleep by acting directly through this pathway. It remains likely, however, that the ability of dFmr1 to modulate sleep need depends on its effects on synaptic physiology. 
